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Overview

Timeline
* Year 3 of 3-year

Budget

* 1:1 DOE:Cummins cost share
— In-kind Cummins contribution

- FY18 DOE Funding: $300k

— Task3: Diesel Emissions Control

Barriers
e From DOE VT MYPP:

— 2.3.1.B: Cost-effective emission control
— 2.3.1.C: Modeling for emission control
— 2.3.1.E: Emissions-control durability

Partners
e ORNL & Cummins Inc.

— Part of ORNL project: “Enabling Fuel
Efficient Engines by Controlling
Emissions” (2015 VTO AOP Lab Call)
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Milestones

FY Qtr Milestone & Objectives Status
Demonstrate an experimental method for characterizing
2018 1 relative rates of components steps of a global SCR complete
mechanism
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Background: Using Transients to Advance Catalyst Technology

Standard SCR
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e Conversion Inflections (Cl) can occur with Cu/SCR catalysts at SCR onset
— Fast conversion onset & Slower conversion degradation to Steady state level

e SCR-onset Cl has been observed for different Cu-SCR catalysts

— Cu-Beta, Cu-CHA

e Cl may be useful for monitoring catalyst ageing
— Systematic Cl progression with ageing: axial & transient at fixed axial position

* Not due to NH;-coverage inhibition as with Fe-SCR (see Tech. Backup Slides)

e Clis not captured by predictive Cu-SCR models (shown in FY17 AMR presentation)
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Objectives

 Improve transient performance of SCR models
« Understand how field ageing impacts SCR reaction network
» Enable aged-state sensing to optimize catalyst performance

- ~

! |~ | Catalyst-Out
Catalyst-In Exhaus> '.\ r Exhaust >

4. - i N, Transient varies with catalyst age
i On-Board Model |---4--------
i Age detection | ff J
R i i i . L
Increasing catalystage >
Relevance

 Better catalyst performance allows engine to be optimized for fuel efficiency

Heavy Duty SCR
Durability Standard:

Heavy Trucks
& Buses,
26.5% Cars, 32.9%

Motorcycles,
0.3%

435,000 miles!

(Source: EPA)

Light Trucks,
40.3%

On-Highway Petroleum Use
(Source: Transportation Energy Data Book)
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Research Path from Observation to Improved Fuel Economy

Transient conversion inflections (ClI)
vary progressively with catalyst age
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Research Path from Observation to Improved Fuel Economy

Use CI transients to understand catalyst performance
* Mechanistic impact of ageing & formulation
« Improved models, state assessment & control
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Research Path from Observation to Improved Fuel Economy
/ Formulate SCR Cu-redox model \
to study transient Cl nature

*« SCR-on
* 'Ruc > ToHe

RHC: Cu"(OH)(NHs) + 2-NHs + NO — CU'(NHs)s + N> + 2H,0

(1Ll TTL]]
cull

FRHC = kRHC ' [CU"] ' [NO] ' (eNH3)~O = kRHC ' [CU”] ' [NO]

NH,
N [o]
o o\ | OHC: 2:Cu'(NH3); + 0z + 2:NO — 2: Cu"(OH)(NH3s) + 2-N; + 2-H,0
I I
] 4
ronc = Konc - [Cu']? - [02] - [NO]
NO
+0, 2
\ cu' @ Net Standard SCR: 4-NO + 4:NH3 + O, — 4-N, + 6-H,0
L ] a /

Kinetic
Model
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Research Path from Observation to Improved Fuel Economy

ACI
VS.
Akinetic
Terms

Kinetic
Model

Cl transients vary progressively
th changes in kinetic parameters

N2 (ppm)

[ Increasing r-ratio l
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Research Path from Observation to Improved Fuel Economy

ACI
VS.
Akinetic
Terms

Kinetic
Model

/ Transient step response \

of individual & combined
Cu-redox half-cycles

170712, FA2b-2, 40kSV, 400C, 0.125L, DI Exp

“Base| RHC OHC “SCR OHCb

EXp.
o-Step
Protocol

Concentration (ppm)
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Research Path from Observation to Improved Fuel Economy

ﬁnset transients vary progressivelN
with environmental conditions

Standard SCR . Fast SCR
0 E:“
ACI ‘"
VS.
Akinetic
L Terms ol
Kinetic 2| :
Model
Study AC
" T
. A
Origin 1 LD
Cl J Exp. etc.
Aged 5-Step
State Protocol
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Research Path from Observation to Improved Fuel Economy

Model & measurements trenm
 Cl origin relates to Cu half cycles

» Use Exp.-Modeling method to
determine kinetic parameters

JCOmersion Inflections at SCR-Onset Transient: —
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Research Path from Observation to Improved Fuel Economy

ACI
VS.
Akinetic
Terms

Kinetic
Model

Kinetic
Terms

EXp.
o-Step
Protocol

Tools to

How kinetic pathways vary

Lovv_-T,
Fit Ageing

« Catalyst age

* Reaction conditions
 Catalyst formulation
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Research Path from Observation to Improved Fuel Economy

Catalyst
State
Sensing
Reduced
models,
ACI Tools to og(—)la?rf:\)rld
VS. study
Akinetic Low-T,
Terms Fit Ageing

Kinetic
Model

Kinetic
Terms

EXp.
o-Step
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Research Path from Observation to Improved Fuel Economy

Catalyst
State
Sensing
Reduced
models,
ACI Tools to ogg)l?](t)%rld
VS. study
Akinetic Low-T, Better
Terms Fit Ageing / catalyst

Kinetic

design &
formulation

Kinetic
Terms

Improved aftertreatment:
» Design & cost

» Sensing & control
 Durability

Lower engine margins:

« Higher engine-out emissions
» Greater fuel economy

» Better engine durability
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SCR-Onset Conversion Inflections Vary with Conditions

Standard SCR Fast SCR Conversion Inflections at SCR-Onset Transient: —
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e Cl nature varies with SCR type, temperature & along catalyst axis
— More apparent for Standard SCR, at higher temperatures, and at catalyst front
— Only apparent with Fast SCR at higher temperatures

Study Cl to understand its origins
Apply Cl to improve SCR knowledge & predictive models
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Conceptual Model of Cu/SCR CI Origin

« SCR-0n « SCR-on + At |» SCR-0n + n*At  Steady state SCR ||
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e Cu SCR can be viewed as cyclic Cu reduction and oxidation

— RHC: Reduction Half Cycle — oxidized Cu (Cu") is reduced to Cu'

— OHC: Oxidation Half Cycle — Cu' is reoxidized to Cu" completing the cycle

e Half-cycle rate imbalances induce Cl at SCR onset
— ClI occurs when the RHC rate is faster than the OHC rate; rgyc > rouc
— I'ryc Progressively slows to match ro,, at steady state

e Half-cycle kinetic model was formulated & exercised to investigate CI nature

progress
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Measuring Individual & Combined Half-Cycle Transients

o 170712, FA2b-2, 40kSV, 400C, 0.125L, DI Exp V5, aX3.dat
4

B - I | 1
“'Base] RHC | OHC | SCR | OHCb
1 1 1 1
200 ot i i i E esccccece
" |(NOJ 1 “ . ! ‘ NH,
= | | i I i NH3 N2 (0]
gl | i|, o, | | ="
- ! ] (0.4% / 100ppm) H ! 02 (0.4%/100ppm)
-f_,—D 120 - | ! I : NO2 % 3)
S 100l 1 i 4 - (o) 5
= ' i i i
[} ]
Y s i ! H )
S sl ! : : :\ NO
Sl | | ! i +o; :
| ]
. 5 5 )
0 : i
20 il | Iy | Iy | |
315 320 325 330 335 340 345 350 355 360

Time (min)

e Experimental 5-Step protocol probes SCR half-cycle components
e Individual RHC, OHC & SCR transitions investigated

— Step 1 - Base: 5% H,O + 200ppm NO, in Ar

— Step 2 - RHC: Base + 200ppm NH,

— Step 3 - OHC: Base + 0.4% O,

— Step 4 - SCR: Base + 0.4% O, + 200ppm NH,

— Step 5 - OHCb: Base + 0.4% O,

( Transient nature reflects the half-cycle kinetic parameters )
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Transient Response Probes Differences in Half-Cycle
Kinetic Parameters and Reaction Pathways

RHC onset: Base + NO, -» Base + NO, + NH, ]

5 (OHCbonstBas +NO, + 0, + NH, -» Base + No]
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e Transient response differs for RHC & OHC half-cycles
— Reflects half-cycle-specific kinetics

e Transients differ with SCR type (Standard, NO,, Fast)
— Reflects different reaction pathways

e SCR shows additional variations (see Tech. Backup Slides)
— Reflects combined impact of simultaneous RHC & OHC

( Use transient measurements to quantify RHC & OHC kinetic parameters )
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SCR Models Formulated Based on RHC & OHC Half-Cycles

Standard SCR

RHC: Cu"(OH)(NHs) + 2:NHs + NO — Cu'(NHs), + N2 + 2H,0 secesenes

rrrc = Krrc - [Cu"] - [NOJ - (Onm3) ™ = kreic - [Cu'"] - [NO] Ne NH=°

OHC: 2:Cu'(NHs); + Oz + 2:NO — 2- Cu"(OH)(NHs) + 2:N; + 2-H,0 % %

rorc = kowc - [Cu']* - [O2] - [NO] +N82 2
|

Net Standard SCR: 4-NO + 4-NH; + 0, — 4N, + 6-H,0 Y@

e Half-cycle models formulated for Standard & Fast SCR (see Tech. Backup Slides)
— Many different ways to formulate
— Half-cycle kinetic parameters to be determined
— Correct combination will accurately predict onset-transient response

e Exercise model to study transient Cl nature
— Origin
— Variation with model formulation & kinetic parameters
— Consistency with experimental trends

OAK RIDGE | 3300885 rarion
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Model Predicts Systematic Cl Transient Variations
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e Cl becomes more distinct with increasing half-cycle rate imbalance

o Half-cycle rates converge faster with increasing [NO]
— Rate convergence is consistent with conceptual model

e Many trends useful for guiding predictive-model development

— Cl increases with temperature

— Stoichiometry transient reflects varying dominance & balancing of half cycles

( Cl nature varies in consistent way with half-cycle kinetic parameters )

progress
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Model Trends are Consistent with Measurement Trends
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e Predicted NO CI trends are consistent with spatiotemporal measurements
— Greatest CI at catalyst front
— Cl degrades along catalyst as NO-conversion progresses

e Predicted CI temperature trends also consistent with measurements

- Consistent trends suggest Cl is due to half-cycle rate imbalances A
 Proposed Cu-redox model appropriate for describing SCR transients
\- Suggests joint model-measurement study to determine SCR kinetic parameters y
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Remaining Challenges & Future Work

Key Challenge:

o Efficient catalyst performance under aged & low-temperature operating conditions
— How does ageing impact SCR reaction network
— Mechanistic impact of ‘low-temperature’ SCR formulations

Future Work:
e Protocol experiments to characterize transient nature
— Temperature, composition & stoichiometry dependence
e Determine RHC & OHC kinetic parameters
— Formulate & tune SCR redox model using measurements
e Analyze how parameters are impacted by ageing and composition
— Analyze various catalyst samples: baseline, aged, composition
— Sensitivity of each half cycle, and parameter
e Use insights to advance catalyst technology
— Improved predictive models for design & on-road control
— Methods for catalyst-state sensing
— Improving catalyst formulation

Any proposed future work is subject to change based on funding levels
OAK RIDGE | {10 rarion
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Collaborations & Coordination

e Cummins
— Project Partner, Saurabh Joshi (Co-PlI)

Teamwork & Roles

Cummins Joint ORNL
« Catalyst samples * Planning » Diagnostics
» Field & other ageing < Results interpretation + Measurements
» Detailed modeling + Monthly+ telecoms » Data analysis

e Technical update to Advanced Engine Crosscut
— May 10, 2018

e [nteractions with technical community

— 1 archival publication
W.P. Partridge, S.Y Joshi, J.A. Pihl, N.W. Currier (2018). “New Operando Method for Quantifying
the Relative Half-Cycle Rates of the NO SCR Redox Cycle Over Cu-Exchanged Zeolites,” Applied
Catalysis B: Environmental. doi.org/10.1016/j.apcatb.2018.04.071 ; Available online 1 May 2018

— 2 invited book chapters
— 4 presentations (2 invited)

OAK RIDGE | ¥2e 8z rarion
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Responses to 2017 Review Comments

Recommendations:

A more demonstrated understanding of differences between CI predictions and measurements is needed
Show how CI phenomenon can be modeled and related to OBD or dosing strategy
— Cl model has been focus this year, and shown in AMR presentation and publication
— These results explain the differences noted in the “17AMR presentation, and provide a consistent Cl
understanding between measurements and model
— Follow-on work will focus on detailed model based on the Cu half cycles
— Out-year research will focus on applications for state assessment and control
— basic evidence and concepts for this have been shown in previous presentations

Give more detail
— More detail has been provided this year in Tech. Backup Slides
— Publication will provide more detail than is possible in presentation

Study range of SV

— Spatially resolved measurements cover arange of effective SV

- E.g., 1/8, 1/4 & 1/2L locations have 8x, 4x & 2x, respectively, SV of the 1L location
— SV can be swept in future detailed model for comparison to these measurements

Cummins interest is unclear, & suggest partner to focus on extracting non-proprietary content for general use

— CMI did all the detailed modeling presented last year

— CMI & ORNL jointly develop and implement the research plan

— The half-cycle kinetic model is completely open and has been published

— The project has an excellent record of extensively sharing results with the VT community

— The project did share performance measures of the CMI corporate SCR model relevant to the CI study;
this has value beyond the Cl application and those requiring access to the model details

feedback
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Summary

e Relevance
— Project work enables improved catalyst knowledge, models, design, OBD & control
— This reduces catalyst system costs & required engine-efficiency tradeoffs
— This in turn enables DOE goals for improved fuel economy

Approach

— Develop & apply diagnostics to characterize catalyst nature

— Analyze data to understand details of catalyst functions, interrelations & ageing impacts
— Develop catalyst-state-assessment methods & predictive catalyst models

Technical Accomplishments

— Experimental method for studying half-cycle origin of Cl developed and implemented

— Half-cycle Cu-redox SCR model developed and exercised to study CI nature
— Dependence on various kinetic parameters and reaction conditions shown

— Step-Response method demonstrated for formulating, tuning and validating SCR models
— Applicable for catalyst-state assessment & enabling more robust predictive model

e Collaborations
— Communicate results with Crosscut team & community via presentations & publications
— Coordination & collaboration with other DOE projects to maximize benefit

e Future Work (Any proposed future work is subject to change based on funding levels)

— Develop SCR model with improved transient response based on RHC & OHC half cycles
— Apply new Protocol and Mode to gain insights into SCR ageing mechanisms
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Technical Back-Up Slides
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Project Approach

(. Catalyst Samples N
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K. Kamasamudram, et al., Catalysis Today 151(2010) 212-222.

4-Step & Other Protocols
 Different T & species combinations
\Steady state & transient analysis

* Probes specific reactions & functions/

* Ui, Mg, Hay My, 3, L. loCations

Predictive Catalyst Models )

« Cummins brings extra-project knowledge
» Project focuses on data for critical
assessment & insights for improvement )

4 Enabling Project Contributions )

\ » Design, efficiency, control, durability /

» Functional relationships & ageing impacts

* Insights for improved modeling & state sensing
« Catalyst-state sensing

» Sensing, OBD, efficiency, durability
» Robust & accurate predictive models
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NH;-Coverage Inhibition Dynamics with Fe/SCR Catalysts
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L M. Colombo, et al., Appl. Catal. B, 2012, 111-112, 106-118.
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e Dynamic NH;—coverage inhibition can induce Cl in Fe/SCR catalysts
— Observe at both SCR onset and termination
— More apparent at higher coverage,; i.e., lower temperatures

e CUu/SCR CI does not follow these trends
— Only apparent at SCR onset and not at termination
— More apparent at higher temperatures where NH, coverage is lower

e Origin of Cu/SCR Cl is different from that of Fe/SCR CI
— CU/SCR Cl is apparently not due to NH;-coverage inhibition
OAK RIDGE | 3300885 rarion
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Conversion Inflections may provide Measure of Catalyst State

200 —2010CMI, Std SCR, 400C

Conversion Inflections at SCR-Onset Transient: —— NH. C
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e CI transients vary systematically with conditions and catalyst state
— EXxist deeper into catalyst with lower conversion; due to T, composition, age, etc.
— Observed above a consistent temperature-dependent NH; threshold

e Relevant to catalyst-state assessment, control & OBD
— E.g., correlate CI timing or location with aged state
— Feedback for adjusting urea dosing, or model-based control parameters

ﬁ OAK RIDGE | 3300885 rarion
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5-Step Experimental Protocol for Studying Onset Transients

o 170712, FA2b-2, 40kSV, 400C, 0.125L, DI Exp V5, aX3.dat
4

. Basei RHC | OHC | SCR | OHCb
| | M . —
g ! l 0, ! No
L g | M
8| /
315 320 325 330 33;- s (mina)ab 345 350 355 360
e Individual RHC, OHC & SCR transitions investigated
— Step 1 - Base: 5% H,O + 200ppm NO, in Ar
— Step 2 - RHC: Base + 200ppm NH;
— Step 3 - OHC: Base + 0.4% O,
— Step 4 - SCR: Base + O, + 200ppm NH, e Commercial CHA SCR
— Step 5 - OHCDb: Base + O, o Field Aged: FA-2b
o Different SCR mixtures investigated * 400°C
e 1/8L

— Standard, Fast & NO,
— 200ppm NO, e 40k SV
ﬁ%OAK RIDGE TRANSPORTATION
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Measured Half-Cycle Onset Transients

RHC onset: Base + NO, -» Base + NO, + NH, )

@

100 200 300 400 500
Time (s)

5 OHC onset: Base + NO, + NH; —» Base + NO, + O, ]

Standard SCR

Fast SCR

NO2 SCR
)

32 collaborations pfeedback

100 200 300 400 500
Time (s)

[ SCR onset: Base + NO, +0, -» Base + NO, + 0, + NH, |
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5 ] | | ] ] |
-100 0 100 200 300 400 500
Time (s)
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10
151 b W NO2 SCR
20 ML oot 0 _.:
\ Ilw Ty ‘,‘ .*1-' 'f”.u. PLIRL) fl L gl
8 |
(d)
30 \ H i ! H i )
-100 0 100 200 300 400 500 600
Time (s)
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Measurements of Individual Half-Cycle Onset Transients

- [ RHC onset: Base + NO, —» Base + NO, + NH, ] _[SCR onset: Base + NO, + O, -» Base + NO, + O, + NH’] Fast SCR |

@) FastSCR ‘ | , |
25} M‘W i ‘M W W\‘Wﬁ JM Mir"ﬁ“*%’ﬂ*. y ﬁ"ﬁ"*“‘,ﬂ"w‘"‘ _*w%‘,,p,,' i \W'"MMN‘,\!%%H!‘-‘H‘,”J‘.‘Mﬂ'ﬁ‘;ﬂn’k'r‘\“”{wﬁM\W‘,W*""‘(ﬂj}
20 + ! ‘
151 Q‘ [ Standard SCR

4,‘ (Standard SCR ] N = |
10 ’ M] ﬁ --—-------------MWW‘H mmwﬂﬂ#““r’w
'M# ' " x,ﬂxﬂ-‘ # ~8 ppm
M L W |

100 200 300 600 -100 0 100 200 300 400 500 600
Time (s) Time (s)

e 5-Step Experimental Protocol designed to study half-cycle onset transients & CI
— Allows individual and combined half cycles to be probed (see Tech. Backup Slides)

e Standard SCR Onset Transients
— RHC onset shows CI
= [nitial fast step-like transients indicates native RHC rate
= Conversion degrades over ~200s as Cu' is depleted
= Non-zero SS due to contaminant or bulk oxygen driving OHC
— For SCR onset
= Clis smaller & faster, and SS conversion is greater
= both half-cycles are active

e NO, & Fast SCR Onset Transients

— ldentical, fast, step-like transients without Cl
= Suggests OHC occurring via NO,, and O, not participating

OAK RIDGE | 3300885 rarion

National Laboratory | RESEARCH CENTER

e OHC transients offer additional insights (see Tech. Backup Slidié
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N; (ppm)

Measurements of Individual OHC Half-Cycle Onset Transients

OHCb onset: Base + NO, + O, + NH, -» Base + NO, ]

b‘OHC onset: Base + NO, + NH, -» Base + NO, + O, tandari SCR 5

' ' tandar o w ‘W

! W«WMWWW s, s

M M= *& """ e

157 (FasiSCR ) 15 Fast SCR | o)

| m il W w,‘\fww,ummmmhw - | Wi ’MMMMMMWMMWW ’
(b) @

-3?1 00 (I) 100 200 300 400 500 600 -3?1 00 0 100 200 300 400 500 500

Time (s) Time (s)

e OHC Onset Transients

— Starts from maximum [Cu'] following RHC step
= [Cu] greater than at OHCb start
= Causes greater step-like onset vs. OHCDb transient

— NO, & Fast SCR transient are identical
= Initially step-like, then slow over ~100s as Cu' is depleted

— Standard SCR show NO CI (see 5-Step Protocol figure)
= Signal-to-noise is too small to resolve similar N2 CI

e OHCb Onset Transients
— These follow SCR, and thus start from lower [Cu'] initial condition
— Slower Standard SCR transient (~150s) vs. NO,, & Fast SCR (~100s)
= Different OHC mechanism & kinetics for O,- vs NO,-driven OHC
— NO, & Fast SCR transients are identical as with OHC
= Suggests OHC driven by NO,, and O, is practically inert
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Half-Cycle based Model for Standard & Fast SCR

Standard SCR

RHC: Cu"(OH)(NHs) + 2:NHs + NO — Cu'(NHs); + N2 + 2H,0 (1)
rrrc = Krrc + [CU'"] - [NOJ - (Bnms) ™ = kric - [Cu'"] - [NO] (2)
OHC: 2:Cu'(NHs); + O, + 2:NO — 2- Cu"(OH)(NHs) + 2:N; + 2-H,0 (3)
rorc = kowc + [CU']? - [O2] - [NO] (4)
Net Standard SCR: 4:NO + 4:NH3 + O, — 4:N, + 6-H,0 (5)
Fast SCR
RHC: Cu"(OH)(NHs) + 2:NHsz + NO — Cu'(NHz);2 + N, + 2H,0 (1)
rric = Kruc - [Cu"] - [NO] - (Onm3) ™ = kruc - [Cu""] - [NO] (2)
OHC: Cu'(NH3), + NO2 — Cu"(OH)(NHs) + N2 + H,0 (6)
rorc = Konc - [Cu'] - [NO2] (7)
Net Fast SCR: 2-NO + 2:NO; + 4-NHz — 4-N; + 6-H,0 (8)

OAK RIDGE
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Global Model Predicts Consistent Cl Nature & Trends

100

10

r-ratio

0.1

0.01

r-ratio < 1; no Cl

o
-

A 4

r-ratio>1; Cl

—e—r-ratio

200 250 300 350 400 450 500 550 600
Temperature (C)

N2 (ppm)

50

w
o

]
o

[ Increasing r-ratio l

Standard SCR

-0.25

— ClI should be observed when r-ratio > unity
— Unity crossing point tuned with RHC & OHC pre-exponential factors

— Taller peak, faster talil
— SS conversion increases with r-ratio

Cl becomes more distinct with increasing r-ratio

0

Time (s)O'
Half-cycle model exercised to study how kinetic parameters influence ClI
— Model details shown in Tech. Backup Slides

Ratio of half-cycle rates (r-ratio = rgc / roye) INnCreases with temperature

— Temperature trend is consistent with experimental observations

progress

Cl nature varies with half-cycle kinetic parameters
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Global Model — ClI varies with NO Concentration

60

[ Increasing [NO] l

Standard SCR

NO\NH3: 250\200
9 --a--NO\NH3: 200\200
—e— NO\NH3: 150\200
--2--NO\NH3: 100\200
—e— NO\NH3: 50\200

IR0 -0-0-0-6-6-0-6-0-0-0-0 0

X
b o2 g -3 -8 ~-8~-8~-8~ 8- - -4
T Ll

-0.25

0.75 1

0 0.25

0.5
Time (s)

o Varying [NO] at constant 200ppm NH,
— Cl independent of [NH;], (zeroth order in [NH;], see Tech. Backup Slides)

e CIl becomes increasingly distinct with increasing [NO]

— Similar for both N, & NO CI

progress

250

I Standard SCR |
NO\NH3: 250\200
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Global Model — Cl varies with NO Concentration

=
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o

200 e

Conversion Inflections at SCR-Onset Transient: —
Field Aged, Cu/CHA, Std SCR, 400°C F

100

NO Concentration (ppm)

w
o
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0
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Time (s)
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Varying [NO] at constant 200ppm NH,

250 Standard SCR |
A NO\NH3: 250\200
200 T | %Y e-e-e-e-| ~-o-- NO\NH3: 2001200 |6 4
— \ —e— NO\NHS3: 150\200
150 + |2 d - : .
3 \/,_.—0—0—0— 5-- NO\NH3: 100\200 [+
2 —e— NO\NH3: 50\200
100 © = o33 -8-3-B-B-8-8-8-8- 8- 8854
0 T T SNeeooooosos00s00000e9
0 T T } T T T T = T T L i T T T T : T T T T
-0.25 0 0.25 0.5 0.75 1
Time (s)

— Cl independent of [NH;], (zeroth order in [NH;], see Tech. Backup Slides)

Cl becomes increasingly distinct with increasing [NO]

— Similar for both N, & NO CI

NO CI trends consistent with measured trends along catalyst axis
— Greatest CI at catalyst front
— Cl degrades along catalyst as NO-conversion progresses

Spatiotemporal measurements may be used to tune a global model
— Determine half-cycle kinetic parameters from fitting model to measurement data

progress
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r-ratio

Global Model — Half-Cycle Rates vary with NO Concentration

Standard SCR

NO\NH3: 250\200
--a-- NO\NH3: 200\200
—e— NO\NHS3: 150\200
--2-- NO\NH3: 100\200
—e— NO\NHS3: 50\200

100

Increasing [NO] ]

-0.25 0 0.25 0.5 0.75 1

60 Standard SCR
50 1 A NO\NH3: 2501200
9 --6--NO\NH3: 200\200
a0 + ] A —e— NO\NHS3: 150\200
E S|l A --2-- NO\NH3: 100\200
2 30 T |'w ( —e— NO\NH3: 501200
<20 1 §
e
10 + °J =3 -e-e—e-e-e—e—e—e—e--e--o- D
0 +—r—rr—¢r———r—++—r++r —
-0.25 0 0.25 0.5 0.75 1

e r-ratio transient becomes faster with increasing [NO]
— Distinct Cl needs both r-ratio>1 and fast r-ratio transient
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r-ratio

Global Model — Half-Cycle Rates vary with NO Concentration

Standard SCR

—
d---
-

-
i

Increasing [NO]

NO\NH3: 250\200
----- NO\NH3: 200\200
----- NO\NH3: 150\200
----- NO\NH3: 100\200
----- NO\NH3: 50\200

Standard SCR ]
NO\NH3: 250\200 ‘-'g“'loo 4
100 + --6-- NO\NH3: 200\200 < s
—e— NO\NH3: 150\200 | © 7
--2--NO\NH3: 100\200 | £ 39 |
—e— NO\NH3: 50\200 3
10 El Increasing [NO] ] T
] 3 1 =
a 5
k:
1 Illl: llllll 2 —s—2 0.1 ||||=||||
-0.25 0 0.25 ] 0.5 0.75 1 -0.25 0

e r-ratio transient becomes faster with increasing [NO]

0.25 0.5

— Distinct Cl needs both r-ratio>1 and fast r-ratio transient

e RHC & OHC rates converge at steady state
— Mainly due to RHC slowing

, NO\NH3: 250\200
075 1 125 15 175
Time (s)

= Relatively small r5c increase associated with increasing Cu!
— Greater SS conversion & rates with increasing [NO] (consistent with SpaciMS)
— Rate transient is greater when initial difference is greater
— Half-cycle rate behavior is consistent with conceptual model

e Model-based studies help advance Cl understanding and nature

progress
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Global Model — Stoichiometry Varies Through CI Transient
) :

200 ' - 100 Fast SCR
190 90 > —o— NH3/N2
180 80 ‘g 15 --e--NO/N2
170 70 ,.E o
= =
£ 160 60 &
2 £ 9
2150 50 = b o‘.“\
b -
130 30 2 3 05 ¢ 0-0-0-0-0-0-0-0 o o oo
120 20 ]
110 10 =
100 0 0
-0.25 0 0.25 0.5 0.75 1 -0.25 0 0.25 0.5 0.75 1

Time (s) Time (s)

o Model predicts Cl for NO, NH; and N,

Cl leading edge reflects RHC stoichiometry
Steady state reflects Net Fast SCR stoichiometry
— Net Fast SCR: 2:NO + 2:NO,, + 4:NH; — 4:N, + 6:H,0

Stoichiometry transient reflects half-cycle balancing
— As rates converge impact of the individual half cycles balance

Generally similar results for Standard SCR (see Tech. Backup Slides)

Technique can be use to validate model formulation
OAK RIDGE | {10 rarion
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Methodology for Formulating & Validating SCR Redox Model

70712, FA2b-2, 40kSV, 400C, 0.125L, DI

T —— s e — (RHC: CU"(OH)(NHs) + 2-NHs + NO —> Cu(NH3)> + N2 + 2H,0 |

w1 NO

|
l renc = kaic + [Cu'"] - [NO] - (Bnis) ™ = ke - [Cu"] - [NO]
OHC: 2-Cu'(NH3); + Oz + 2:NO — 2- Cu"(OH)(NHs) + 2N, + 2-H,0

romc = konc - [Cu']? - [02] - [NO]

32
T

Concentration (ppm)

5 8888
| B O |

Q\Iet Standard SCR: 4-NO + 4-NHs + 02 — 4-N2 + 6-H2.0

36 e TC nversion Inflections at SCR-Ons: tT nt:—
Time (min) 200 Field Aged, Cu, /CHA Std SCR, 400° c In 250 Standard SCR |
NO\NH3: 250\200
£ 150 e 200 QY o-e-6-6-| ~-0=-NO\NH3: 2001200 f5 -
£ 11 o
_:; —3/16L E150 5 1% —e— NO\NH3: 150\200
£ —1/aL s Z \/,..4.»»— ----- NO\NH3: 100\200 [+—4
] 3L o ® —O—NO\NHS 50\200
3 . 2100 - a 8 L aG-G-B3-B-B8-8-8-8-8-8-0 & O &
] —3/aL 3 \E_ &&&&&&&&&
50 Out — E
\ 50 =] e P
K 2°‘L';P"‘ ) 200 ppm NO + 200ppm NH3
o 0 -+—r—r—r—rt—r—r—r—r—r—r——r———r—r—r——r—r—r—r
R S -0.25 0 0.25 05 0.75 1

Time (s)

e Step-response experiments to characterize Cl & onset transients
— Range of temperatures and concentrations
— 5-Step Protocol to investigate individual & combined half cycles
— Our measurements are the first to resolve half-cycle rate balancing

e Formulate global SCR model based on the two half cycles

— CI & transient nature varies with model formulation & kinetic parameters

= Examples show broad dependence of transient performance on model parameters
= Model ClI trends are consistent with measurements

— Our half-cycle model is the first to show this transient SCR nature

e Use data to formulate, tune & validate the global SCR model — Next Steps
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Global Model = Cl varies with [NO] but not with [NH,]

N, (ppm)

N, (ppm)
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r-ratio (\)
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Global Model — Stoichiometry Varies Through CI Transient

NO, N, (ppm)
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